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Abstract
The trend of increasing the number of dairy products for sale aﬀects their environmental impact in a life cycle perspective. During
dairy processing, the production schedule is aﬀected by more frequent product changes, hence also cleaning operations. This causes
more milk waste, use of cleaning agents and water. The amount of milk waste depends on the product change technique used, which
is determined by the characteristics of the product. A method was designed to calculate the sequence, which, for a given set of
yoghurt products, minimises milk waste. A heuristic method, based on the strive to minimise production waste combined with
production rules, was worked out. To determine whether the heuristic solution gives the best possible sequence from an environ-
mental perspective, an optimisation was also made. The analytical method used for optimisation was able to handle 21 products
and veriﬁed the heuristic method for a waste minimised sequence up to that level. It is also highly probable that for sequences
including a greater number of items waste can be minimised with the same heuristic method. A successful demonstration of the
possibility to make a more complete environmental assessment was fulﬁlled by connecting the sequencing model to conventional
life cycle assessment methodology.
 2005 Elsevier Ltd. All rights reserved.
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The number of milk products for sale is rising. In fact
the dairy sector leads Europe in terms of innovative
markets in the food sector, followed by ready made
meals [1]. This development is driven both by the indus-
try and by customer demand. The milk produced at
farms has to be processed promptly into products at
the dairy. Since changing the volume of milk production
at a dairy farm is a slow process, it is neither possible to
adjust the amount of incoming milk to rapidly changing
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doi:10.1016/j.jclepro.2005.07.019market requirements, nor can milk be stored for long pe-
riods of time. As the volume of milk to the dairy cannot
easily be adjusted, the mix of outgoing products is
changed instead. A larger variety of products makes it
easier to balance the outﬂow from the dairy with the
inﬂow. In addition, increased dairy product diversity is
driven by the industry’s eﬀort to stimulate greater de-
mand for its produce, and consumer demand for new
types of products.
At the same time environmental concern in society
has grown strong. From a life cycle perspective, diversity
aﬀects the environmental impact of dairy products in
diﬀerent ways. At the dairy, production scheduling
becomes a key activity, inﬂuencing a wide range of is-
sues with environmental implications, such as waste of
product, need for cleaning of production equipment
348 J. Berlin et al. / Journal of Cleaner Production 15 (2007) 347e356and waste of packaging. Also consumers may generate
more waste as they buy a wider variety of products in
smaller packages. With a broader spectrum of products
in the fridge, more products may be wasted because they
are not used in time. Waste also occurs because some
product is always left in the container, and because
smaller containers lead to an increase in packaging
waste. The risk of increased waste of milk, in both dair-
ies and households, consequently may lead to increased
raw milk production.
The production of diﬀerent dairy products is aﬀected
by increased product diversity to varying degrees. For
example, the production of consumer milk, milk powder
and cheese are not aﬀected to any large degree. This
depends on a high production volume of consumer milk,
that only one type of milk powder is produced and the
long storing time and shelf life of cheese. This makes
production of the same cheese during several days pos-
sible, with no interruptions for product change reasons.
Cultured products such as yoghurt, on the other hand,
have the largest variation. The wide variety of products
combined with a relatively short shelf life (23 days) leads
to several changes of ﬂavours in the same production
equipment in just one day. Such changes always cause
a certain amount of product waste which cannot be
recycled into the process but instead becomes either
animal feed or waste. Production of cultured products
such as yoghurt is therefore most interesting for a prod-
uct diversity study.
This paper concentrates on how adverse environmen-
tal eﬀects depending on increased product diversity may
be counteracted at the dairy production unit level. The
activity of product scheduling including sequencing of
products then comes to the fore. This paper describes
an inter-disciplinary approach, making use of both pro-
duction scheduling and environmental systems analysis
to counteract the adverse environmental consequences
of the ongoing development towards increased product
diversity. Production scheduling at Swedish dairies
today is not considered an environmental issue. Instead
it is in general based on economy, food safety, utilisa-
tion of process equipment, labour working hours or
sometimes simply the habit the way things are done.
Heuristic methods are in general used for sequencing.
They are often implemented as a computerised algo-
rithm, but man-made sequences based on experience
are used as well. It has not come to our knowledge that
mathematically optimised sequences are used in dairies
presumably depending on the theoretical diﬃculties to
optimise large sequencing problems.
Production scheduling has received much attention in
the literature, although few papers include environmen-
tal considerations. Various models, algorithms and opti-
misation tools have been used for solving production
scheduling problems in the food sector. A heuristic sim-
ulation model based on operations research applied toa theoretical convenience food system was developed
by Guley and Stinson [2]. Their purpose was to deter-
mine the most eﬃcient production schedule by ﬁnding
the best way of selecting the sequence of items processed
in the same equipment when two or more menu items
are competing for priority. Another heuristic simulation
model, based on network representation, was devised
for the bacon industry [3]. The purpose and heuristic
rules are of the same kind as in the study by Guley
and Stinson [2]. To enable improvement of production
scheduling, from the perspective of fulﬁlling customer
needs, a model based on ﬁnite capacity planning was
used for low fat spreads and cider [4]. Alternative de-
signs for milk powder production were analysed with
both a process design tool and tools for economic anal-
ysis [5]. A similarity between most scheduling studies is
that they use either a cost based criterion or a system
performance criterion. Only two studies were found that
took the environment into account. Minimisation of
process-sequence dependent changeover waste (as an en-
vironmental issue) in product scheduling was conducted
in a study of a theoretical batch production unit [6]. Al-
though the procedure optimises a target function that
accounts for the amount of product changeover waste,
it does not include any other explicit environmental pa-
rameters or categories. The second study introduces
a methodology for incorporating ecological considera-
tions into the optimisation of design and scheduling of
batch processes [7]; this includes a case study of a
cheese making dairy. The optimisations were based on
both process economics and environmental impact.
The relation between a production of a great number
of products and the environment was not investigated
in the study by Stefanis et al. [7], as only two products
were included in their study. Studies of production
scheduling that include environmental considerations
are thus very limited, in dairy industry as well as in other
food industries.
To be able to search for the sequence of products that
is optimal from an environmental perspective the target
function (also called optimisation criterion) must be
carefully selected. Studies of life cycle assessment litera-
ture gave us the function. Life cycle assessments have
been made for a number of dairy products, including
milk [8], milk powder [9], coﬀee cream [10], soured milk
[11], butter [12], soft cheese [13] and semi-hard cheese
[14]. Although the system boundaries diﬀered in these
studies, a consistent ﬁnding in all studies that included
farming was that agriculture had the greatest environ-
mental impact. An example from the study of semi-hard
cheese by Berlin [14] shows that on a life cycle basis the
farm contributed 94% to global warming, 99% to acid-
iﬁcation and 99% to eutrophication. Consequently it
was identiﬁed, for the remaining parts of the life cycle
of dairy products (the dairy, retailer, consumer house-
hold, waste treatment and also all connected transports)
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an environmental perspective was the minimisation of
milk waste. For the sequencing problem, minimisation
of milk waste would also give a minimised use of clean-
ing agents and use of water for cleaning during a product
change in the sequence, depending on the techniques
used for product changes. Therefore, the choice of target
function fell on milk waste.
The goal of this study is to ﬁnd a practical method to
calculate a sequence of a great number of cultured prod-
ucts which is optimal or close to optimal, from a waste
minimisation perspective, with existing process equip-
ment. Furthermore, to show the full environmental
implications of the waste minimisation, we connect the
sequencing model to conventional life cycle assessment
(LCA) methodology.
Optimising a sequencing problem of this kind in-
volves searching through a vast number of potential
solutions. In practice, this is only possible for a limited
number of products [15]. Hence, a heuristic method
was developed which was able to handle a large number
of products. The paper aims to show that the sequence
achieved with the heuristic method with a high probabil-
ity is also the optimal solution. This was achieved
through validation of the sequence obtained with the
heuristic method with a mathematically optimised se-
quence for as many products as possible. Production
of yoghurt was taken as an example to test the proposed
method.
Production scheduling includes deciding the sequence
in which products are made, according to a list of re-
quirements for the production system and the allocation
of equipment to products. There are several alternatives
for a schedule since there are many constraints. Con-
straints such as process equipment, maximum produc-
tion rates, employee working hours, volume of each
product and product speciﬁc characteristics need to be
taken into account in the schedule. This paper concen-
trates on one of the constraints in a schedule: the prod-
uct speciﬁc characteristics. The characteristics of each
product are important when diﬀerent products are pro-
cessed in a sequence, since the technique chosen for pre-
venting their interaction during a change depends on
these characteristics. The product characteristics are
a combination of: the yoghurt base, with related bacte-
rial culture and fat content; the additives to the product,
with correlated ﬂavour, colour or allergenic potential;
and how much it sticks to the surface of the equipment.
2. Method
An environmentally preferable product sequence
makes as few product changes as possible and when
a product change is required the right technique causing
least impact is selected. It is during product changes thatenvironmental impact occurs, in terms of waste of prod-
uct and use of cleaning agents and water. To be able
to design a method which would ﬁnd the production
sequence oﬀering lowest environmental impact, we
wanted to ﬁnd an optimal or close to optimal practical
solution from an environmental, interpreted as waste
minimisation, perspective. A heuristic method was de-
veloped to meet the requirement of sequencing a large
number of products. A drawback with a heuristic solu-
tion is that it cannot be guaranteed that it is also optimal
[16]. Therefore, we decided to validate the result of the
heuristic method with a sequence achieved through op-
timisation, with as large a number of products as could
be handled with the optimisation method within a rea-
sonable time. The demonstration of the possibility to
make an environmental assessment of the production se-
quence was made with LCA methodology. A description
of the heuristic method that we developed, the optimised
solution we identiﬁed and the LCA of a production ac-
cording to a sequence follows below. A description of
the dairy selected for the case study can be found in
Appendix A.1.
2.1. Heuristic method
Heuristic methods are intuitively designed and do not
guarantee an optimal solution. However, if well de-
signed they can give good approximate solutions, and
are often used for very large problems [16]. There are
several alternatives for heuristic solutions in general
and for sequences of cultured dairy products in particu-
lar as the product changes are made with several con-
straints. The heuristics developed in this study were
partly based on constraints, i.e. rules, used in a yoghurt
producing dairy. These rules were established from
a process perspective, not an environmental one. In ad-
dition to these rules, or constraints, the heuristics were
developed with the aim to cause as little waste of prod-
uct as possible. More speciﬁcally the heuristic method
was based on the characteristics of each product, which
determine the choice of technique selected for a product
change. The techniques were cleaning, rinsing and the
pushing principle. Cleaning caused the most waste and
use of cleaning agents and water. Rinsing caused less
waste, no use of cleaning agents but used the same
amount of water as the cleaning technique. Least waste
and no use of either cleaning agents or water was the re-
sult of a change with the pushing principle. Therefore
the best schedule from an environmental perspective
would use the pushing principle the most, while rinsing
and cleaning were used as seldom as possible. However,
there were the processing rules that must be followed.
Cleaning must be done after a change of base, after
a product containing rhubarb, after a product contain-
ing vanilla, and at the end of the working day. Rinsing
is done after products containing sun fruit (a mix of
350 J. Berlin et al. / Journal of Cleaner Production 15 (2007) 347e356pineapple, mango, peach and passion-fruit), elderberry
and honey, which are considered to have allergenic po-
tential. Otherwise the pushing principle is used, with
pale coloured products preceding dark ones.
The ﬁrst step in the heuristic procedure designed was
to make a matrix of all of the products that were going
to be sequenced and list their individual characteristics.
After that the products were sorted in the following
priority:
1. Yoghurt base.
2. Presence of rhubarb.
3. Presence of vanilla.
4. Presence of allergenic substances.
5. Increasing colour.
The sorting procedure starts with grouping according
to the yoghurt base. Within each base, products contain-
ing rhubarb and vanilla were placed last. Products with
allergic substances were next to the last. Finally, the rest
of the products within the base group were sorted by in-
creasing colour, pale ones ﬁrst and the dark ones last.
This sorting procedure was the heuristic method for pro-
duction scheduling developed.
2.2. Optimisation
To ﬁnd the optimal product sequencing solution in-
volves searching through all possible combinations of
the manufacturing order of a set of products. Our prob-
lem was similar to the ‘‘travelling salesman problem’’
(TSP): given a set of N cities, ﬁnd the shortest route con-
necting them all, with no city visited twice [15]. For this
problem, the cities were interpreted as yoghurt types and
the routes connecting them were weighted according to
the waste volume obtained during the product change.
The waste volume was determined by the product
change technique (cleaning, rinsing, pushing principle),
which was in turn governed by the processing rules. This
problem formulation gave rise to a weighted, directed
TSP. Moreover, the TSP graph was complete since there
was a route between any two products in the graph. It isimportant to keep in mind that a large TSP is insoluble
in practice. According to Sedgewick [15] the limit for
a super computer is 25e30 products. The optimisation
here was made to validate the heuristic solution for
the waste minimised sequence, for as large a number
of products as possible. A description of our optimisa-
tion solution is presented below. First the original algo-
rithm is described then its reﬁnements are presented in
the same order as they were implemented. An example
of a four-product solution follows the description to
illustrate the development of the algorithm. For more
information about TSP, see Sedgewick [15].
For the optimisation our problem was: given a mix of
products, ﬁnd the production sequence that causes the
least waste. The waste that occurs during a product
change depends on the properties of the two products.
The problem has as many as N! solutions for schedules,
if N is the total number of products in the sequence. To
demonstrate the procedure, an example scheduling four
products can be examined. The products are named A,
B, C and D. First we made an exhaustive search to check
all possible solutions for the scheduling of the four prod-
ucts; this yielded 4! (24) solutions of a schedule.
Fig. 1 shows the exhaustive search for the example.
This type of illustration is hereafter called a tree. The
circles with the products are termed nodes and the lines
connecting them are edges. A solution for a schedule is
a path. Each edge is assigned a value. The value is the
volume of waste of products resulting from a change
of product. A graph of the values assigned to the edges
is given in Fig. 2. The path passing all nodes with the
lowest sum of values gives the best schedule.
As can be imagined from Fig. 1, the tree grows very
fast with increasing number of products to be scheduled.
Apart from the example, the exhaustive search was able
to handle 11 products within reasonable time (7 min)
and 12 products required 89 min to schedule. This was
not satisfactory, so to enable scheduling more products,
we decided to prune the tree. This means cutting oﬀ cer-
tain branches and deleting everything connected with
them [15]. The sum of the values, x, for the ﬁrst path
was calculated. For the following searches, it wasSTART
A
C
B
B
B D
D C B
C
CD
C BDD
B
C
A
A
A D
D C A
C
CD
C ADD
C
B
A
A
A D
D B A
B
BD
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D
B
A
A
A C
C B A
B
BC
B ACC
Fig. 1. An exhaustive search for four kinds of products.
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summed values were greater than x, therefore these
paths were pruned. The pruning is most eﬃcient if
a low-value path is found early in the search. A pruned
tree for the example with a starting path CABD is illus-
trated in Fig. 3. The number of full paths is reduced by
50% and the number of nodes is reduced by 19% in the
example. With this technique to limit the number of full
solutions needing to be examined, 13 products were
scheduled in a reasonable amount of time (10 min, 14
products required 140 min).
To improve the optimisation even more, we chose
a method known as branch-and-bound [15]. We com-
puted a bound of the summed values for a path that
began with a given partial path. A path that started with
the given partial path got a lower bound by adding the
values of the minimum spanning tree of the rest of the
path. A minimum spanning tree of a weighted graph is
the collection of branches (edges) that gives the sum of
values which is at least as small as any other combina-
tion of the nodes [15]. For example, the working proce-
dure for the minimum spanning tree is the following:
start at A and select the edge with the lowest value. At
the next node, select the edge with the lowest value that
connects with a node not been visited before. The same
procedure is repeated until all nodes have been visited by
starting from A. The next step is to start at B and repeat
the same process as for A. Then continue with C and D.
When the summed value of the path (the value of the
B
D
CA
1
4
5
2
6
12
910
3
8
11
7
Fig. 2. The assigned values of the four products.given partial path and the value of the minimum span-
ning tree) is higher than the best path found so far,
the tree is cut.
The branch-and-bound technique reduces the number
of solutions dramatically. The tree example illustrated in
Fig. 4 was reduced by 87.5% of the full paths and the
number of nodes revisited was reduced by 80% after us-
ing both pruning and branch-and-bound techniques. By
using both pruning and branch-and-bound techniques
to limit the full searches, we were able to make a schedule
of 21 products within a reasonable time (30 min). This
was the solution to our problem. Note that the algo-
rithm can still be guaranteed to ﬁnd the weight mini-
mised schedule.
2.3. Life cycle assessment of a production sequence
The detailed production scheduling method gives the
sequence, for a given set of products, which causes the
minimum amount of milk waste and a low use of clean-
ing agents and water. This has environmental conse-
quences in a life cycle perspective. For example, due to
a change in raw material requirement, the agricultural
part of the life cycle will be aﬀected, which in turn im-
pacts several environmental categories. Therefore, to cal-
culate the total environmental impact, an LCA of the
production according to the sequence was performed.
The sequence includes the list of products to produce
and the techniques used for the change between prod-
ucts. To get the total environmental impact, each activ-
ity aﬀected by the choice of production sequence was
taken into account with its emissions to water and air;
the use of natural resources for extraction and process-
ing of the energy, materials or ingredients are calculated
according to life cycle inventory (LCI) methodology
[17e19]. The LCI included activities that are aﬀected
by the production, the choice of techniques selected
for product changes, and the treatment of waste. The
product changes are made just before the ﬁlling equip-
ment is reached. The ﬁlling of containers is designated
as product packaging in Fig. 5. Before the yoghurt isA
C
B
B D
D
C
CD
C BDD
B
C
A
A D
D
C
CD
C ADD
C
B
A
A D
D
B
BD
B ADD
D
B
A
A C
B
BC
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START
B
Fig. 3. The product sequence tree pruned by 50% of full paths.
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poses i.e. milk treatment and product treatment, in
Fig. 5. The milk treatment includes pasteurisation and
separation. The product treatment covers standardiza-
tion, homogenisation, fermentation and the speciﬁc pro-
cessing required for each product. The milk production
takes place at the dairy farm, which spans the following
activities: cultivation and production of feed, seeds, fer-
tilisers and pesticides plus all transports involved. To
make product changes, water and cleaning agents are
required. Water treatment and manufacture of cleaning
agents take place outside the dairy. Water treatment
refers to the manufacture of chemicals needed for treat-
ment of water, the water treatment itself and distribu-
tion. The cleaning agents used are nitric acid and
sodium hydroxide. The data sources applied in the
LCI can be found in Appendix A.2.
C
B
A
A D
D
B
BD
B ADD
START
Fig. 4. The tree of the four products after both pruning and branch-
and-bound techniques were used.Some of the milk waste from product treatment (5%)
is taken care of in a sewage treatment plant. The remain-
ing milk waste is used as animal fodder, mainly for pigs.
The extraction and production of energy and electricity
is included for each process in the system. Two ﬂows are
leaving the system: yoghurt and animal fodder. In order
to be able to compare the environmental impact associ-
ated with the waste (i.e. animal fodder) and that associ-
ated with the product the environmental impact was
partitioned between them on a mass basis.
The contribution of the production according to
the sequence to selected environmental categories was
calculated according to life cycle impact assessment
(LCIA) methodology [17,19e21]. The environmental
impact categories used were: eutrophication, acidiﬁca-
tion, global warming and photochemical ozone creation
potentials (POCP).
3. Results
Simulations were made for sequencing the products
in an existing dairy, using both the heuristic and opti-
mising methods. An LCA was also made of the produc-
tion according to the sequence. The results of the
simulations and the LCA are described below.
3.1. Simulation of the production schedule
As the method which gave an optimised solution with
respect to milk waste was able to handle 21 products, weHeat
Production
Electricity
Production
Fuel
Production
Milk
Treatment
Product
Treatment
Product
Packaging
Sewage
Treatment
Milk
Production
Trp
ProductFodder
Water
Treatment
Trp
Trp
Cleaning agent
Production
Fig. 5. The system for production according to the dairy production sequence in a life cycle perspective.
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simulated the sequence with both the heuristic and the
optimised solutions and then compared the results.
The sequenced products were composed of six diﬀerent
bases (designated Base A to Base F). The products were:
Base A: rhubarb, apple and elderberry; Base B: peach/
orange, raspberry and apple/pear; Base C: blueberry,
peach and strawberry; Base D: sun fruit, raspberry/rhu-
barb, pear, strawberry and banana; Base E: rhubarb/
cardamom, strawberry and raspberry; and Base F:
honey, apple/cinnamon, vanilla and strawberry. The
assigned value used for a product change in the method
was the same as the total amount of product waste
resulting from a product change, which included the
mixed zone product (depending on the technique) and
the yoghurt in discarded cartons. Cleaning was given
a value of 219, rinsing 86 and the pushing principle 74.
A product change from a strongly coloured product to
a pale one had a value of 86 (the pushing principle
was used, but a larger amount of mixed product was
estimated than for the ordinary pushing principle).
The heuristic solution for the sequence generated the
same result as the optimal sequence independently of
the products’ starting order. Several starting orders
were tested and the simulated result from both of the
solutions always gave the same sequence. Accordingly,
we can state that the heuristic method gives the optimal
sequence from an environmental perspective (that is
a waste minimised solution) for all sequences including
up to 20 products. This implies that the method used
will also ﬁnd optimal solutions for all production se-
quences including fewer products, since all possible
combinations are tested in the algorithm. The same se-
quence was also obtained using both the optimising and
the heuristic methods when the number of products was
increased to 21, which was the limit for the optimisa-
tion. There is strong reason to believe, although it
may not be mathematically proven, that the heuristic
solution for a sequence including more than 21 prod-
ucts will also be the optimal one, as there is no known
event that occurs in the sequence that relates to the
number of products. The resulting sequence of the sim-
ulation is given in Table 1. The weight of the milk waste
generated during production of this sequence is
2179 kg. This is 5% of the weight of the sequence total
produce.
3.2. The LCA of the production sequence
To determine the total environmental impact from
the production according to the production sequence
chosen, an LCA can be carried out as demonstrated in
Section 2.3. This means that the detailed scheduling
model can be successfully included in a broader life cycle
context. An example of results from such a combinedmodel is illustrated in Fig. 6, where the yoghurt waste
environmental impact contribution is related to the total
environmental impact of the production according to
the sequence.
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Fig. 6. Environmental impact associated with the milk waste in rela-
tion to the environmental impact associated with the yoghurt products.
Table 1
The optimal sequence of the production order
Optimal sequence
Base A: apple
Pushing principle
Base A: elderberry
Rinse
Base A: rhubarb
Cleaning
Base B: peach/orange
Pushing principle
Base B: apple/pear
Pushing principle
Base B: raspberry
Cleaning
Base C: peach
Pushing principle
Base C: strawberry
Pushing principle
Base C: blueberry
Cleaning
Base D: banana
Pushing principle
Base D: pear
Pushing principle
Base D: sun fruit
Rinse
Base D: raspberry/rhubarb
Cleaning
Base E: strawberry
Pushing principle
Base E: raspberry
Pushing principle with decreasing colour
Base E: rhubarb/cardamom
Cleaning
Base F: strawberry
Pushing principle
Base F: apple/cinnamon
Pushing principle
Base F: honey
Rinse
Base F: vanilla
Cleaning
354 J. Berlin et al. / Journal of Cleaner Production 15 (2007) 347e3564. Discussion and conclusion
The raising environmental impact caused by dairies
depending on the ongoing diversity of cultured dairy
products can be counteracted. This study describes the
construction of a practical method to achieve the envi-
ronmentally optimal or close to optimal sequence of
products which causes as small impact as possible on
the environment during production in the existing
equipment. A heuristic solution of the sequencing prob-
lem was worked out. In general a heuristic solution can-
not be guaranteed to be optimal. To achieve the best
possible heuristic solution, we also made a waste opti-
mised solution for the sequence. There are limitations
in how many products may be handled by an optimisa-
tion method for this type of problem, since the problem
grows with N! where N is the number of products. For
most problems the running time for an algorithm will
be improved using a faster computer. This holds true
for problems aﬀecting the running time with polynomial
factor but not with problems such as this where the run-
ning time is aﬀected with a factorial factor [15]. With the
method used, it was possible to optimise sequence of 21
products and get a result within a reasonable time. Since
the same sequence for the same 21 products was ob-
tained with the heuristic method, it may be concluded
that the heuristic method gives optimal solutions for
sequences including up to this number of products.
Sequences obtained with the heuristic method for a larg-
er number of products are probably also waste mini-
mised since the heuristic rules do not depend on the
number of products.
To be able to show the full environmental implications
of a production according to the sequence this study
also successfully demonstrated the possibility to connect
the sequencing model to LCA. The test LCA study high-
lighted the environmental impact associated with the
milk waste in relation to the impact of the products.
The heuristic method was designed to be general
enough to be useful for any dairy producing cultured
products. The generality was achieved through includ-
ing most of the production rules used in Swedish dairies.
If implemented in a speciﬁc dairy no change of the
method is required, even if not all of the rules are used.
It is usual for a dairy to use fewer rules than this method
does. If for example the rhubarb jam is pre-worked,
which means that the long ﬁbres are shortened, the risk
of sticking to pipes surfaces is reduced. Then the ‘‘pres-
ence of rhubarb’’ rule can be disregarded and the prod-
uct may instead be sorted only according to the
‘‘colour’’ rule. The LCA of the production according
to the sequence was also constructed to be general for
Swedish purposes. The data used for the calculations
originated from the most common techniques used for
processing and cleaning. We also used average values
when that was possible.The method is going to be used in a forthcoming case
study for an evaluation of production sequences, which
includes both the product order, frequency of produc-
tion and an environmental assessment.
To combine environmental systems analysis with
production scheduling is a new approach to product
sequencing for the dairy industry. It is also a text-book
example of a cleaner production approach where envi-
ronmental impact may be improved at the same time
as economic resources are saved.
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Appendix A
A.1. The dairy selected for the case study
The dairy selected for the case study had a weekly
production of 380 000 kg of yoghurt products. The yo-
ghurt section used 13 yoghurt bases, which were further
reﬁned to 55 products. The dairy was originally built for
processing drinking milk products alone. Since the yo-
ghurt section was added later, its design was not ideal.
For example, the yoghurt base was transferred a long
distance to reach the ﬁlling machine, which led to a large
amount of mixed zones product to be removed by rins-
ing and cleaning operations. For a cleaning operation,
195 kg was estimated as mixed zones product, for rinsing
62 kg and for a product change according to the pushing
principle 50 kg. The amount of mixed zones product was
calculated from the diameter and length of the pipe. For
each yoghurt product manufactured, approximately 24
ﬁlled containers (1 kg each) were discarded. The ﬁrst
10 and the last ﬁve produced were disposed oﬀ because
the dairy wants to eliminate the risk of substandard con-
tent. Six containers were sent to the dairy laboratory.
The remainder was used for ﬂavour, colour and consis-
tency tests by the operator during manufacturing. A full
cleaning operation was executed at the end of the day,
which means that, in addition to the pipes and ﬁlling ma-
chine, each yoghurt base tank was also cleaned.
A.2. Data sources used for the LCA calculations
The inventory of data sources used in the LCA calcu-
lations of the production sequence can be found below.
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categories in the LCA are the last part.
For production at the dairy energy is required. We
have used energy requirement data speciﬁed for each step
during milk treatment, product treatment and product
packaging. For each step a mean value of three Norwe-
gian yoghurt producing dairies of various sizes has been
calculated [22]. At most dairies, both electricity and nat-
ural gas are used as energy sources. An average of the 30
dairies within Arla Foods, in Sweden, showed that 33%
of the energy used was electricity [23]. The Swedish
mixture of energy sources for electricity production
was used. The sources used are: hydropower 46.8%,
nuclear power 46.55%, oil condensing power 2.70%,
combined power/heat, renewable fuels 1.70%, coal con-
densing power 1.55%, combined power/heat, natural gas
0.50%, gas-turbines 0.10% and wind power 0.10% [24].
Data on emissions to air and water, and the waste arising
from the life cycle of energy were found in Bra¨nnstro¨m-
Norberg et al. [24]. The electricity was considered to have
a grid loss of 5%. To estimate the total energy require-
ments of a dairy, it was assumed that the remaining
two-thirds of the energy use consisted of natural gas. Da-
ta for extraction, reﬁning and combustion of natural gas
were found in Bakkene [25] and Frischknecht [26].
The data used for milk production at the dairy farm
are mean values from 17 conventional farms situated at
the west part of Sweden [27,28]. They were all special-
ised in milk production. The data included all activities
at the dairy farm but also production of fertilisers, die-
sel, pesticides and seeds, cultivation of oil/starch crops
and sugar beets, extraction of industrial feed co-prod-
ucts, processing at the feed industry as well as all trans-
ports. The fuel consumption used for the milk transport
from the farm to the dairy was 0.14 MJ/kg milk [29].
There are several diﬀerent methods used for cleaning
among dairies. The method of conventional alkaline/
acidic cleaning with sodium hydroxide (2.5 kg/cleaning)
and nitric acid 1.2 kg/cleaning) followed by hot water
disinfection (90 C), the one most commonly used [30],
was used in this study. The alkaline cleaning consists
of a 1% NaOH solution with temperature of 75 C.
The acidic cleaning consists of a solution of 1%
HNO3 and a temperature of 65e70
C. The water con-
sumption for a cleaning is 1000 l and the energy con-
sumption is 110 kWh per cleaning [30]. Average
European data for production of sodium hydroxide
was chosen [31]. The transport distance from the sodium
hydroxide production to the dairy was assumed to be
100 km with a medium sized truck. Ammonia and air
are required for the production of nitric acid. Data from
a Swedish producer of nitric acid were used [32]. West
European average data for production of ammonia were
used [32], and a transport distance of 1400 km was
chosen as representative. For production of ammonia,
natural gas is required. Data used for natural gasproduction were found in a database [33]. The transport
distance for the nitric acid to the dairy was assumed to
be 100 km with a medium sized truck. The same data-
base was the data source for the transportation [33].
The data used for water treatment was found in
a study of a surface water treatment plant in Sweden
[34]. This treatment plant disinfected the water with
chlorine and ozone. The resource use for production
of drinking water was: aluminium sulphate 30 g/m3 wa-
ter, lime 30 g/m3 water, carbon dioxide 28 g/m3 water,
and sodium chlorite 1.7 g/m3 water. The use of oil and
electricity, as well as emissions to air and water, from
production of chemicals was stated in Tillman et al.
[34]. The energy requirement for water distribution is
closely related to the topography. The mean value of
seven municipalities in Sweden, 2.2 MJ electricity/m3
water, was used [35].
The cleaning values at the sewage treatment plant
chosen as data source were BOD5 96%, COD 89%, to-
tal phosphorus 91% and total nitrogen 58%. The elec-
tricity required to treat the dairy’s waste water was
0.26 kWh/m3 incoming water. The data come from
a Swedish sewage treatment plant that in the year of
2000 treated sewage corresponding to 781 284 personal
equivalents [36].
Equivalence factors for following categories were
used during the environmental impact categories calcu-
lation; eutrophication [37], acidiﬁcation [38], global
warming 100 years [39e41] and POCP [38,42].
References
[1] Innovaction BV (http://www.innovationt.nl). In: CIAA confeder-
ation of the food and drink industries of the EU. Data and trends
of the EU food and drink industry. Brussels, Belgium: CIAA
Avenue des Arts 43, B-1040 Brussels, Belgium; 2003.
[2] Guley HM, Stinson JP. Computer simulation for production
scheduling in a ready foods system. Journal of the American
Dietetic Association 1980;76:482e7.
[3] Shah SA, Okos MR, Reklaitis GV. Production scheduling in food
processing plants. American Society of Agricultural Engineers,
No. 83-6506; 1983.
[4] Novels M. A new approach to capacity planning and scheduling.
Journal of the Society of Dairy Technology 1996;49(2):49e52.
[5] Diefes HA, Okos MR, Morgan MT. Computer-aided process de-
sign using food operations oriented design system block library.
Journal of Food Engineering 2000;46:99e108.
[6] Grau R, Espuna A, Puigjaner L. Environmental considerations in
batch production scheduling. Computers and Chemical Engineer-
ing 1995;(Suppl. 19):651e6.
[7] Stefanis SK, Livingston AG, Pistikopoulos EN. Environmental
impact considerations in the optimal design and scheduling of
batch processes. Computers and Chemical Engineering 1997;
21(10):1073e94.
[8] Eide MH. Life cycle assessment (LCA) of industrial milk produc-
tion. International Journal of Life Cycle Assessment 2002;7(2):
115e26.
[9] Blonk H, Laﬂeur M, van Zeijts H. Towards an environmental in-
formation infrastructure for the Dutch food industry: exploring
356 J. Berlin et al. / Journal of Cleaner Production 15 (2007) 347e356the environmental information conversion of ﬁve food commod-
ities, Appendix 3: screening LCA on milkpowder. Amsterdam,
The Netherlands: IVAM Environmental Research and Centre
for Agriculture and Environment; 1997.
[10] Lorentzon K, Olsson P, Reimers V, Stadig M. Utha˚llig livsmedel-
sproduktion e En energi- och miljo¨studie med inriktning mot
kyl-, frys- och helkonservbehandling [Sustainable food produc-
tion: a study of energy and environmental issues for cold, frozen
and canned food]. Go¨teborg, Sweden: SIK, the Swedish Institute
for Food and Biotechnology; 1997 [in Swedish].
[11] Grøtan M. Livsløpsanalyse ved produksjon av kulturmelk [Life
cycle assessment of production of soured milk]. A˚s, Norway:
Agriculture university of Norway; 1996 [in Norwegian].
[12] Masoni P, Sa´ra B, Scartozzi D, Tarantini M, Raggi A. A life cycle
assessment pilot study in an Italian dairy company. In: Third
international conference on ecobalance. Tsukuba, Japan; 1988.
p. 193e6.
[13] Bernhard S, Moos T. O¨kobilanz des Camemberts [Ecobalance
of Camembert]. Zurich, Switzerland: Fachverein Arbeit und
Umwelt; 1998 [in German].
[14] Berlin J. Environmental life cycle assessment (LCA) of Swedish
semi-hard cheese. International Dairy Journal 2002;12:939e53.
[15] Sedgewick R. Algorithms. 2nd ed. USA: Addison-Wesley Pub-
lishing Company; 1988.
[16] Hillier F, Lieberman G. Introduction to operations research. Sin-
gapore: McGraw-Hill Book Co; 1995.
[17] ISO 14040. Environmental management e life cycle assessment:
principles and framework. EN ISO 14040:1997. Brussels, Bel-
gium: European Committee for Standardization (CEN); 1997.
[18] ISO 14041. Environmental management e life cycle assessment:
goal and scope deﬁnition and inventory analysis. EN ISO
14041:1998. Brussels, Belgium: European Committee for Stan-
dardization (CEN); 1998.
[19] Baumann H, Tillman A-M. The Hitch Hiker’s guide to LCA.
Lund, Sweden: Studentlitteratur; 2004.
[20] ISO 14042. Environmental management e life cycle assessment:
life cycle impact assessment. EN ISO 14042:2000. Brussels, Bel-
gium: European Committee for Standardization (CEN); 2000.
[21] ISO 14043. Environmental management e life cycle assessment:
life cycle interpretation. EN ISO 14043:2000. Brussels, Belgium:
European Committee for Standardization (CEN); 2000.
[22] Glende C. Vedlegg til LCA som beslutningsgrunnlag ved fordel-
ing av kulturmelkproduksjon [LCA as a criterion for decisions re-
garding cultured milk production]. A˚s, Norway: Agriculture
University of Norway; 1997 [in Norwegian].
[23] Arla Foods Sweden. Miljo¨, va¨rdekedjan fra˚n ko till konsument,
Miljo¨redovisning fo¨r 2000e2001 [Environment, the value chain
from cow to consumer, Environmental Report of Arla Foods AB
in 2000e2001]. Stockholm, Sweden: Arla Foods; 2002 [in Swedish].
[24] Bra¨nnstro¨m-Norberg B-M, Dethlesen U, Johansson R,
Setterwall C, Tunbrant S. Livscykelanalys fo¨r Vattenfalls elpro-
duktion [Life cycle assessment of Vattenfall´s electricity produc-
tion]. Stockholm, Sweden: Vattenfall; 1996 [in Swedish].
[25] Bakkene KK. Life cycle data for Norwegian oil and gas. S1.:
Tapir/Norwegian Inst. of Technology, 1994. In: Frees N,
Weidema BP, editors. Life cycle assessment of packaging systems
for beer and soft drinks. Copenhagen, Denmark: Ministry of
Environment and Energy, Danish Environmental Protection
Agency; 1998.
[26] Frischknecht R. O¨koinventare fu¨r Energisysteme. Zu¨rich: Bunde-
samt fur Energiewirtschaft, 1996. In: Frees N, Weidema BP,editors. Life cycle assessment of packaging systems for beer and
soft drinks. Copenhagen, Denmark: Ministry of Environment
and Energy, Danish Environmental Protection Agency; 1998.
[27] Carlsson V. Kva¨vefo¨rluster och energianva¨ndning pa˚ mjo¨lkga˚rdar
i va¨stra Sverige [Nitrogen losses and energy use on dairy farms in
western Sweden]. Uppsala, Sweden: Swedish University of Agri-
cultural Sciences; 2003 [in Swedish].
[28] Cederberg C, Flysjo¨ A. Life cycle inventory of milk production on
23 dairy farms in south-western Sweden. Go¨teborg, Sweden: SIK,
the Swedish Institute for Food and Biotechnology; 2004.
[29] Miljo¨styrningsra˚det.Temperaturreglerad transport avmejerivaror.
Certiﬁerad miljo¨varudeklaration. Regnr: S-P 00008. [Temperature
dependent transport of dairy products]. Stockholm, Sweden: AB
Svenska Miljo¨styrningsra˚det; 1999 [in Swedish].
[30] Eide MH, Homleid JP, Mattsson B. Life cycle assessment (LCA)
of cleaning-in-place processes in dairies. Lebensmittel-Wissen-
schaft und -Technologie 2003;36(3):303e14.
[31] Boustead I. Eco-proﬁles of the European polymer industry. Re-
port 6 polyvinyl chloride. Brussels, Belgium: APME Association
of Plastics Manufacturers in Europe; 1994.
[32] Davis J, Haglund C. Life cycle inventory (LCI) of fertiliser pro-
duction. Go¨teborg, Sweden: SIK, the Swedish Institute for Food
and Biotechnology; 1999.
[33] CIT Ekologik. Energy and transport database [version CIT 3g
based on 20010601]. Go¨teborg, Sweden: CIT Ekologik Chalmers
Teknikpark, SE-412 88 Go¨teborg, Sweden; 2001.
[34] Tillman A-M, Svingby M, Lundstro¨m H. Livscykelanalys av
alternativa avlopppssytem i Bergsjo¨n och Hamburgsund [Life
cycle assessment of alternative waste water systems in Bergsjo¨n
and Hamburgsund]. Go¨teborg, Sweden: Chalmers University of
Technology; 1996 [in Swedish].
[35] VA Forsk. In: Ka¨rrman E, Jo¨nsson H, Gruvberger C, Dalemo M,
Sonesson U, Stenstro¨m TA, editors. Miljo¨systemanalys av hush-
a˚llens avlopp och organiskt avfall e syntes av hanteringssystem
underso¨kta inom FoU-programmet Organiskt avfall som va¨xt-
na¨ringsresurs. VA-FORSK RAPPORT 1999:15 [Environmental
systems analysis of waste products from households and organic
waste]. Stockholm, Sweden: VA-Forsk; 1999 [in Swedish].
[36] GRYAAB. A˚rsredovisning 2000 [Annual Report 2000]. Go¨te-
borg, Sweden: GRYAAB; 2001 [in Swedish].
[37] Lindfors L-G, Christiansen K, Hoﬀman L, Virtanen Y,
Juntilla V, Hanssen O-J, et al. Nordic guidelines on life-cycle
assessment. Nord 1995:20. Copenhagen, Denmark: Nordic
Council of Ministers; 1995.
[38] Heijungs R, Guine´e JB, Huppes G, Lankreijer RM, Udo de
Haes HA, Wegener Sleeswijk A. Environmental life cycle assess-
ment of products: guide. Leiden, The Netherlands: Center of En-
vironmental Science (CML); 1992.
[39] Houghton JT, Jenkins GJ, Ephraums JJ, editors. Climate
change e the IPCC scientiﬁc assessment. Cambridge, UK:
Cambridge University Press; 1990.
[40] Naturva˚rdsverket. Va¨xthusgaser e utsla¨pp och a˚tga¨rder i ett
internationellt perspektiv. Naturva˚rdsverket rapport 4011 [The
greenhouse gases: emissions and actions in an international
perspective]. Solna, Sweden: SNV; 1992 [in Swedish].
[41] Intergovermental Panel on Climate Change (IPCC). In:
Houghton JT, editor. Climate change. Cambridge, UK:
Cambridge University Press [published for IPCC]; 1995.
[42] Andersson-Sko¨ld Y, Grennfelt P, Pleijel K. Photochemical ozone
creation potentials: a study of diﬀerent concepts. Journal of Air
Waste Management Association 1992;42:1152e8.
